In 2015, NASA launched the Soil Moisture Active Passive (SMAP) satellite. Data from this satellite are being exploited to improve forecasting of extreme weather events and delivery of disaster response. International core validation sites (CVSs) have been contributing in situ soil moisture data to validate and calibrate SMAP soil moisture products. Overall the soil moisture retrieval errors have exceeded SMAP's mission requirement (errors below 0.04 m 3 m −3 ), with the exception of some sites of annual cropland as present at the Carman (Canada) CVS. In 2016, a SMAP validation experiment was conducted at the Canadian site in Manitoba (SMAPVEX16-MB) in an attempt to understand the differences between the SMAP soil moisture retrievals and the permanent in situ network observations. The research presented here analyzed the performance of this network in representing soil moisture within a SMAP pixel and tested five upscaling approaches. Comparisons between the permanent network and SMAPVEX16-MB measurements (from temporary stations and field measures) confirmed agreement among these three sources of soil moisture measures. The SMAP soil moisture values were compared with in situ soil moisture upscaled from the four tested approaches as well as soil moisture estimated by the NOAH Land Surface Model (LSM). There were similar discrepancies when analyzing all methods (RMSE 0.072-0.074 m 3 m −3 for the four upscaling methods; 0.076 m 3 m −3 for the LSM approach), yielding no reduction in the soil moisture RMSE for this site. The SMAP team will continue to investigate other factors that may be contributing to errors above 0.04 m 3 m −3 at these annually cropped CVSs.
In 2015, NASA launched the Soil Moisture Active Passive (SMAP) satellite. Data from this satellite are being exploited to improve forecasting of extreme weather events and delivery of disaster response. International core validation sites (CVSs) have been contributing in situ soil moisture data to validate and calibrate SMAP soil moisture products. Overall the soil moisture retrieval errors have exceeded SMAP's mission requirement (errors below 0.04 m 3 m −3 ), with the exception of some sites of annual cropland as present at the Carman (Canada) CVS. In 2016, a SMAP validation experiment was conducted at the Canadian site in Manitoba (SMAPVEX16-MB) in an attempt to understand the differences between the SMAP soil moisture retrievals and the permanent in situ network observations. The research presented here analyzed the performance of this network in representing soil moisture within a SMAP pixel and tested five upscaling approaches. Comparisons between the permanent network and SMAPVEX16-MB measurements (from temporary stations and field measures) confirmed agreement among these three sources of soil moisture measures. The SMAP soil moisture values were compared with in situ soil moisture upscaled from the four tested approaches as well as soil moisture estimated by the NOAH Land Surface Model (LSM). There were similar discrepancies when analyzing all methods (RMSE 0.072-0.074 m 3 m −3 for the four upscaling methods; 0.076 m 3 m −3 for the LSM approach), yielding no reduction in the soil moisture RMSE for this site. The SMAP team will continue to investigate other factors that may be contributing to errors above 0.04 m 3 m −3 at these annually cropped CVSs. Extreme weather events, such as flooding, excessive wetness, and drought, have a profound impact on agricultural production. In May and June of 2014, the RedAssiniboine River Basin in western Canada received 200% of the 1960 to 2013 average precipitation at a time when soils were already saturated from spring snowmelt (Szeto et al., 2015) . This resulted in a 1 in 300 yr flood on the Assiniboine River, and a record 1.2 million ha of cropland remained unseeded, triggering CDN$500 million in crop insurance payments and agricultural recovery programs (Manitoba Agricultural Services Corporation, 2012) . At the other extreme of moisture availability, the 2012-2013 drought in the US Central Plains resulted in more than US$12 billion in damage (Touma et al., 2015) . Although Touma et al. (2015) acknowledge that uncertainty persists in terms of how changes in temperature, precipitation, and soil moisture will interact to shape the magnitude of drought in different areas of the globe, the Centre for Research on the Epidemiology of Disasters is predicting that more extreme weather in the future will almost certainly result in a continued upward trend in weather-related disasters (Centre for Research on the Epidemiology of Disasters, 2015) .
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The 2012 Science, Technology and Industry e-Outlook of the Organization for Economic Cooperation and Development (www.oecd.org/sti/outlook/e-outlook/) highlighted the growing importance of space technologies in all phases of disaster response, acknowledging the expanding use of the international charter for major disasters and the expected contribution of future satellite deployments. That same year, researchers executed a calibration/ validation (cal/val) experiment in western Canada to test and adapt models to retrieve soil moisture in preparation for NASA's planned Soil Moisture Active Passive (SMAP) satellite. Improvements to flood prediction, drought monitoring, as well as weather and climate forecasting were an expected outcome given that the mission would provide global access to frequent (every 2-3 d) soil moisture data . SMAP was successfully launched in January 2015, and early adopters have already demonstrated improvements in forecasting of extreme events through the assimilation of SMAP data (Moran et al., 2015) .
SMAP cal/val plays a critical role in verifying and improving the performance of soil moisture retrieval algorithms and in validating the accuracies of SMAP data products (smap.jpl.nasa.gov/ science/validation/). International cal/val partners contribute to this initiative by providing the SMAP team with access to calibrated in situ soil moisture data (Colliander et al., 2017b) . The core validation sites (CVSs) represent networks of stations equipped with surface soil moisture probes. The CVS partners are encouraged to deliver near real-time calibrated soil moisture to the SMAP cal/val team. For each CVS, only a few soil moisture stations fall within a SMAP pixel. Consequently, partners are required to develop a method to upscale ground-measured soil moisture for comparison with SMAP products.
When taken globally, the CVS data have confirmed the expected performance of the SMAP algorithms and the accuracy of the surface and root zone soil moisture products over a range of soil and vegetation conditions (Chan et al., , 2018 Reichle et al., 2017) . However, over some CVSs dominated by annually cropped land, SMAP soil moisture retrieval errors have exceeded SMAP's mission requirement (errors <0.04 m 3 m −3 ). Carman (Manitoba, Canada) and South Fork (Iowa) are two such CVSs. To understand and possibly reduce the higher errors at these sites, a paired Canada-US cal/val field experiment was executed in 2016. The SMAP Validation Experiment 2016 in Manitoba (SMAPVEX16-MB, smapvex16-mb.espaceweb.usherbrooke. ca) addressed this broader objective as well as several others: (i) to investigate anomalous observations within SMAP data over annually cropped land; (ii) to examine upscaling functions for the Carman (Manitoba) site; (iii) to develop, validate, and improve SMAP downscaling approaches; (iv) to deploy ground-based radiometers to better understand spatial and temporal variances in soil and crop contributions to microwave responses; (v) to acquire data for ongoing validation of SMAP Level 2 to 4 products; and (vi) to contribute to broader science and application objectives to prepare for future satellite missions. SMAPVEX16-MB followed SMAP field experiments conducted in 2015, which were aimed specifically at providing high-fidelity validation data for spatial downscaling algorithms (Colliander et al., 2017a; Ye et al., 2016) .
Carman is a challenging validation site given its rapidly developing in-season crop growth, changing season-to-season crop mixes, and the significant variance in surface soil texture within a single SMAP pixel. In 2011, Agriculture and Agri-Food Canada (AAFC) began installing a network of soil moisture stations (Real-time In Situ Soil Monitoring for Agriculture [RISMA] ) to assist in validating satellite retrievals of soil moisture, including those from SMAP. As a CVS partner, AAFC proposed a soil texture-weighted method to upscale in situ measures from RISMA to SMAP scales . This upscaling approach has been used by SMAP's cal/val team to compare ground-measured soil moisture at the Carman CVS pixel with SMAP soil moisture products. Upscaling of point measurements to a pixel-scale is challenging, as described in a review of these approaches by Crow et al. (2012) . Previous upscaling of the RISMA stations in the Carman regions was completed by Adams et al. (2015) using data from the 2012 field campaign. However, this study only considered arithmetic averaging. In a second upscaling study, Clewley et al. (2017) presents a new upscaling method using a random forest approach. Although the technique showed a slight improvement for the Carman region relative to the arithmetic mean, it is dependent on the availability of high-resolution L-Band SAR data.
SMAPVEX16-MB incorporated several elements that were to address the primary objective of understanding the differences between the SMAP soil moisture retrievals and the network observations at Carman. The focus of the research presented in this paper is to analyze the performance of RISMA in representing soil moisture within a SMAP pixel and test five upscaling approaches for the Carman site: (i) soil texture-weighted (current approach), (ii) simple arithmetic average, (iii) area average using Voronoi diagram, (iv) soil texture-weighted Voronoi diagram, and (v) gridded soil moisture estimated from a Land Surface Model. Soil moisture data collected from temporary stations installed for the SMAPVEX16-MB field campaign along with RISMA data are used for the basis of these comparisons.
Site Description and Data Collection

Carman (Manitoba) SMAP Calibration/Validation Site
The Red River watershed of southern Manitoba (Canada) provides a mix of land covers, although land use is dominated by annual cropping. Crops grown in this region include forage, pasture, canola, flaxseed, sunflower, soybean, corn, barley, spring wheat, winter wheat, rye, oat, canary seed, potato, and field pea, with a typical rotation of cereals alternating with oilseed or pulse crops. This region is prone to soil moisture extremes that can as equally lead to drought as to excessive soil moisture and flooding.
As such, the watershed has been used in decades of soil moisture research, dating back to the early 1990s when the Jet Propulsion Laboratory flew their AIRSAR airborne sensor over the region and when Altona, Manitoba served as a research site for SIR-C mission in 1994 (Pultz et al., 1997) .
In 2012, this region was selected as a pre-launch cal/val site for SMAP. The SMAP Validation Experiment (SMAPVEX12) yielded valuable data for assessment and adaptation of SMAP baseline and alternate soil moisture retrieval algorithms . SMAPVEX16-MB was a paired experiment with a similar post-launch experiment in Iowa (SMAPVEX16-IA). The SMAPVEX16-MB site was shifted east and south of the location of the SMAPVEX12 campaign for better alignment of field data collection with the 33-km Enhanced Level 2 Soil Moisture Passive (L2 SM P E) half orbit pixel generated from the SMAP radiometer. The site is ?80 km southwest of the city of Winnipeg.
This region is characterized by a wide range of soil textures influenced by lacustrine deposits laid down by glacial Lake Agassiz. Finer-textured clays and clay loams are prominent in the eastern and southern parts of the study area, whereas coarser textured sands and sandy loams occupy the western area (Michalyna et al., 1988) . The topography is generally flat with very little relief, typical of soils formed under lacustrine deposition.
SMAPVEX16-MB Campaign
Much of the 2016 field data collection protocol was similar to that of SMAPVEX12. To minimize replication and where appropriate, readers will be referred to the paper by .
SMAPVEX16-MB was conducted in June and July of 2016 in two intensive observing periods (IOPs): 8 to 20 June (IOP1) and 10 to 22 July (IOP2). The timing of the first IOP was designed to capture soil and crop conditions early in the season; the second focused on conditions during a period of maximum biomass.
The Passive and Active L-band Sensor (PALS) mounted on a DC-3 collected airborne microwave data during these IOPs. PALS provides radiometer products, vertically and horizontally polarized brightness temperatures, and radar products, normalized radar backscatter for V transmit/V-receive, V-transmit/H-receive, H-transmit/H-receive, and H-transmit/ V-receive. During SMAPVEX16-MB, PALS acquired data at two elevations. The low-altitude flights provided resolutions of 581 m (along scan) and 777 m (across scan); the high-altitude flights produced resolutions of 1476 m (along scan) and 1974 m (across scan). PALS flew six high-altitude lines designed to map the SMAP pixel. Two low-altitude flight lines provided higherresolution data.
A total of 12 soil moisture sampling days (6 d in IOP1 and 6 d in IOP2) were completed during the campaign. During IOP1, PALS completed the flight plan on 8, 11, 14, 16, 19, and 20 June, and during IOP2 the flights were completed on 14, 16, 18, 19, 21, and 22 July. The PALS sorties were coincident with SMAP morning overpass days and times (8:00-8:30 AM CST).
For SMAPVEX16-MB, 50 fields were selected for intensive sampling. Of these 50 fields, 21 fields were also sampled during the SMAPVEX12 experiment. Fields for the 2016 campaign were selected to be representative of both crop and soil conditions within the 36-km Level 1 SMAP Radiometer (L1 C) pixel. Prior to field selection, detailed soil survey data were examined to determine the surface soil textural conditions within the SMAP study area. On-site inspections confirmed homogeneity of surface textures and landscape for each selected field. The majority of fields were ?65 ha (800 by 800 m).
After the completion of the campaign, the SMAP science team developed a new soil moisture data product (Chan et al., 2018) . The SMAP Level 2 Enhanced product (L2 SM P E) uses a Backus-Gilbert interpolation to derive brightness temperatures from the original SMAP L1 C half-orbit radiometer data. The data are quality controlled, processed using SMAP soil moisture retrieval algorithms, and compiled to the global 9-km Equal Area Scalable Earth (EASE 2.0) grid . The actual contributing domain of each 9-km grid cell is nominally 33 km. It was decided that the analysis would be modified to focus on the new product, which resulted in a change of the study domain. The 33-km enhanced pixel is slightly smaller and shifted to the west when compared with the original 36-km pixel from the Carman CVS ( Fig. 1) .
As a result of the reduction in size and pixel shift differences between the 36-km L2 SM P and the 33-km L2 SM P E pixels, 5 of the 50 study fields that were used for the SMAPVEX16-MB field campaign fell outside of the new 33-km study area. The surface soil texture and agricultural crop composition of the 33-km SM P E pixel as well as the 45 study fields are provided in Table 1 .
Description of Permanent and Temporary Soil Moisture Stations
In 2016, soil moisture measurements were collected from three sources. Two of these were AAFC's nine permanent soil moisture stations and temporary stations provided by the US Department of Agriculture and AAFC. These in situ stations measured moisture every 15 min (permanent stations) or hourly (temporary stations) at a single field location. The third source of soil moisture was intensive sampling by field crews on PALS overflight days.
Nine permanent RISMA soil moisture stations are located within the SMAP 33-km CVS pixel (Fig. 1 ). When installed in 2011, sites were selected using geospatial analysis to determine locations representative of the variance in soil textures within the Carman-Elm Creek area of Manitoba (Fig. 1) . Each RISMA station is instrumented with Stevens Hydra Probes that measure soil dielectric and temperature, with triplicate probes at surface and subsurface depths. This includes vertical probe installations to measure the 0-to 6-cm soil volume and horizontal installations at each of 5-, 20-, 50-, and 100-cm nominal sensing depths.
Meteorological observations are captured at each station, including liquid precipitation, air temperature, relative humidity, wind speed, and wind direction. Stations are instrumented with Hoskin Scientific tipping bucket rain gauges and Geneq sensors for all other meteorological parameters and are powered by solar panels and batteries. Data are recorded on Campbell Scientific CR1000-XT data loggers and transmitted to AAFC through Raven X modems on the hour mark. Measurements are collected on a 15-min time frequency for all variables. Data can be viewed and downloaded online in near real time by accessing the following link: agriculture.canada.ca/SoilMonitoringStations/ index-en.html.
All RISMA stations are located within or on the edge of cultivated agricultural fields, with the system set up to capture data year round without removal of equipment required due to land management activities. During installation, soil cores were collected at the location of each probe installation and preserved for site-specific calibration and for soil texture and bulk density analysis. Site-specific soil moisture dielectric conversion models have been developed using field calibration (Ojo et al., 2015) . These calibration models have been applied to each sensor to obtain higher accuracy soil moisture values.
Temporary soil moisture stations were used to enhance the limited number of RISMA stations in terms of both calibration and scaling. These were installed at the first soil moisture sampling location in each of the 50 fields. Installation occurred in May prior to the campaign and stations were not removed until well after the campaign (late July-early August). Each station was outfitted with a data logger, a power source, and two Stevens Hydra Probes. One probe was installed vertically (integrating soil moisture measures over 0-6 cm) with the second installed horizontally at 5 cm. Forty of the stations were also equipped with a Campbell Scientific time domain reflectometry sensor inserted horizontally at 5 cm. Of the 50 stations, 16 were equipped with a tipping bucket to measure rainfall. The stations were programmed to capture hourly soil moisture and temperature readings throughout the campaign. Field calibration equations (Rowlandson et al., 2018) derived from soil core data were used to convert real dielectric constant values to volumetric water content. During the campaign, a total of 90,000 hourly measurements were recorded by these temporary stations.
Soil Moisture Data Collected by Field Crews During Intensive Observing Periods
Repeating the in-field sampling strategy of the 2012 experiment , 16 sampling points were positioned in each of the 50 fields (arranged in two transects of eight points). Transects were located 100 m from the edge of the field; points were 75 m apart with 200 m between the two transects. On the 12 d of PALS flights, crews conducted intensive field sampling. Stevens Hydra Probes (Poke and Go [POGO]) were inserted vertically to measure 0-to 6-cm soil moisture. Teams collected three replicate POGO measurements at each of the 16 sample points in each intensive field (48 measures per field), covering an area of ?10 ha (525 m by 200 m). Approximately 31,000 measurements were collected by field crews on 13 d (the 12 PALS days plus one more day).
Numerous studies (Burns et al., 2014; Cosh et al., 2005; Ojo et al., 2015; Rowlandson et al., 2013) have shown that field-specific Fig. 1 . Location of the Agriculture and Agri-Food Canada RISMA network (black dots) within the L2 SM P E 33-km and L1 SM P 36-km study areas. The backdrop image shows clay-dominated soils on the eastern portion of the study area and sandier soils on the western portion of the study area.
calibrations can reduce the volumetric soil moisture retrieval errors from impedance sensors. In 2012, soil core data were used to calibrate Stevens Hydra Probe measurements in the study area. Linear regression functions reduced RMSE of the probe measurements collected by field crews to 0.0374 m 3 m −3 (Rowlandson et al., 2013) .
Given the success of the specific calibration approach, SMAPVEX16-MB calibration functions were developed in a similar manner for this study (Rowlandson et al., 2018) . To increase the volume of calibration data points for 2016, two core samples (volume of 80 cm 3 ) were collected from each field on every sampling date. As in 2012, three Hydra Probe measurements were taken adjacent to each core. Core samples were weighed wet, oven dried for 48 h at 105°C, and reweighed dry to determine the gravimetric soil moisture. The average bulk density of all 26 (13 d ´ 2 samples) calibration samples for each field determined the average bulk density of the surface soil for the entire field. The average bulk density was multiplied by the gravimetric moisture content of each individual sample to calculate the volumetric moisture content of each core sample. This approach follows the 2012 protocol in Rowlandson et al. (2013) , which documented more accurate field-based calibrations using this method as opposed to using each individual sample's bulk density with each individual sample's gravimetric soil moisture.
The volumetric soil moisture content for each core was used with the adjacent POGO reading to create a calibration equation. Volumetric water content is a linear function of the square root of real dielectric permittivity. As per Rowlandson et al. (2013 Rowlandson et al. ( , 2018 , linear regression analysis was used to determine the equation of best fit between the volumetric moisture content (q v ) and the square root of the dielectric permittivity (e TC ) from the POGO as
Vegetation and Ancillary Data Collection
Prior to the start of the campaign, all 50 fields were visited to gather information on seeding direction, row widths, and plant spacing. Surface roughness was also measured at two sites in each field using pin profilers to create a 3-m roughness profile . Profiles were collected parallel to the look direction of the PALS and RADARSAT-2 sensors.
Surface and subsurface soil temperatures were measured during flight days at four soil moisture sampling sites in each field (Sites 1, 8, 9, 16) . Subsurface temperatures were measured using a digital pocket thermometer inserted at 5 and 10 cm. Surface vegetation and soil temperatures were measured using an Apogee infrared radiometer sensor. Temperatures for sunlit and shaded vegetation and soil were recorded.
On nonflight days, field crews conducted vegetation sampling. Fields were visited twice during each IOP and once between IOP1 and IOP2, yielding five sets of vegetation samples per field. Three of the 16 soil moisture sampling sites were selected for crop characteristic measurements (Sites 2, 11, 14 for the first week of IOP1 and IOP2; Sites 3, 10, 13 for the second week of each IOP). The following measures were collected at each of these three sites: crop height, leaf area index, and crop biomass. Crop height was measured for 10 plants at each site. Fourteen hemispherical photos were collected at each site to measure leaf area index . When clear sky conditions permitted, crop reflectance was measured at the first vegetation site using a Crop Scan instrument. For wheat, oat, canola, and forage, crews collected biomass within a 0.5-by 0.5-m square. For row crops (corn, soybean), biomass was represented by collecting 10 plants at each site and using crop density to scale biomass to unit area. One biomass sample was collected at each of the three vegetation sites. Wet biomass samples were placed in plastic bags and weighed on the same day soon after collection. After the samples from Sites 2 and 3 had been weighed, lab crews partitioned the vegetation into plant organs, which were then weighed individually. All samples were staged for crop phenology before drying using the Biologische Bundesanstalt, Bundessortenamt, and Chemical scale. Wet samples were placed p. 6 of 14 in a drying room for ?2 wk. Samples were periodically reweighed to determine if air dry weights were stable, placing the bags back into the drying room until air dry weights remained unchanged, signaling that drying was complete. Air drying does not remove all of the crop water; therefore, samples were collected after air drying to determine an oven-dry correction by crop type and growth stage. Samples were ground and placed in an oven at 60°C for 48 h before reweighing. This provided oven-dry weight to air-dry weight corrections. Table 2 summarizes dates of data collection for soils and crops.
Methodology
Assessment of the Representativeness of Soil Moisture Measurements from Temporary In Situ Stations on a Field Basis
Data from the temporary stations, located at soil moisture sampling Site 1 in each of the 45 SMAPVEX16-MB fields, were used to evaluate four different upscaling methods over the SMAP 33-km pixel. Prior to this upscaling analysis, the representativeness of these stations was evaluated with respect to the spatial variance in soil moisture within the SMAP CVS pixel. To do so, point-measured moisture at these temporary stations was compared with the more spatially intensive measurements collected by field crews on 13 PALS/SMAP acquisition dates of the SMAPVEX16-MB campaign.
Crews measured soil moisture using the same probe technology (Stevens Hydra Probes) installed on the temporary in situ stations. The field protocol called for crews to be in their first field by 6:00 AM (local) and to finish measuring their last field by 12:00 PM to match as closely as possible the overpass of SMAP (descending) and PALS flights. To compare with the temporary stations' in situ data, all 48 measurements were averaged, yielding a single soil moisture value per field per sampling day.
For the purpose of this comparison, moisture measured by the vertical (0-6 cm) in situ probes was extracted from the data record and averaged. The vertically inserted probe was selected because previous research (Adams et al., 2015) suggests that this measurement is more closely associated with L-band-derived retrievals of soil moisture from the SMOS satellite for this same region.
Comparison of Four Methods to Upscale In Situ Point Measurements
The SMAP team is currently applying a soil-weighted average to the moisture measured by RISMA to validate SMAP moisture retrievals (Colliander et al., 2017b) . In this paper, the soil-weighted approach is assessed along with three alternate methods for the area covered by the 33-km pixel SMAP CVS L2 SM P E. For each method, upscaled soil moisture from the RISMA stations is compared with upscaled soil moisture from the temporary stations. This comparison also assesses the performance of the more limited RISMA network (seven stations) against a denser installation of temporary stations (45 stations). Although the RISMA network has nine stations within the CVS, only seven are used here. Two stations were removed from the analysis because of probe or power failures during the SMAPVEX16-MB timeframe. Similarly, only 45 of the 50 temporary stations are used. Five temporary stations were removed because they fell outside of the SMAP L2 SM P E 33-km pixel.
All comparisons relied on soil moisture values that were extracted from the temporary stations between 8:00 and 9:00 AM CDT, inclusive. These values were averaged and compared with the corresponding values from RISMA. For consistency, the same temporal aggregation was used for RISMA data. The 8:00 and 9:00 AM observations were used to coincide with the SMAP descending overpass and to occur during the POGO sampling period. The period examined corresponds with the SMAPVEX16-MB window (1 June-26 July 2016). This included both IOPs and the period between these intensive campaigns.
Soil-Weighted Average (Current Method)
Soils data for the SMAPVEX16-MB site are available from the Canada-Manitoba Soil Survey Report D20, Soils of the West Portage & MacGregor Map Areas and from D60, Soils of the Rural Municipalities of Gray, Dufferin, Roland, Thompson & Part of Stanley. Both reports are mapped at a detailed 1:20,000 scale and can be accessed from the Canadian Soil Information Service website at sis.agr.gc.ca/cansis/publications/surveys/mb/index.html. Geospatial data provide further information on taxonomy, soil properties (soil texture, internal drainage, salinity, permanent wilting point, field capacity, pH, other chemical properties), and landscape properties (slope steepness, slope length, stoniness, erosion).
To develop the soil-weighted scaling approach, each in situ station was identified based on its corresponding soil texture. Then, soil texture data were intersected to the SMAP L2 SM P E 33-km CVS pixel, and percent area statistics (Table 1) were derived for each of the soil texture types. Further description of the approach can be found in Pacheco et al. (2015) . The upscaling soil-weighted approach includes soil polygon aggregation based on soil texture information and then computation of the percent area within the CVS footprint for each of the soil textures. Given the small contribution of the organic soils (0.5% of the L2 SM P E pixel) and that these soils occur within the area of sandy soils (shown in Fig. 1 ), the organic fraction was added to the percent area of sands. The soil texture types were aggregated into two categories, one being clayey and fine loamy and the other being coarse loamy, sands, and organic.
In situ stations were categorized and clustered based on the soil textures of their locations. Based on the percent area of each of the soil texture classes, in situ soil moisture values for each of the clusters were weighted on the percent area of the cluster within the CVS footprint. The following equation was used to determine the upscaled in situ soil moisture value (Mv) of the SMAP CVS pixel using soil texture weights:
where CFL imv and CLS imv are the averages of the in situ soil moisture (imv) for the clays and fine loams (CFL) and the coarse loams (CLS), respectively, and CFL a and CLS a are the area (a) values within the L2 SM P E 33 km footprint for the clays and fine loams and the coarse loamy sands.
Arithmetic Mean
In this approach, a simple arithmetic mean was calculated for all 45 temporary stations. The same approach was taken for the seven RISMA stations (Adams et al., 2015) . In both cases, the result was an upscaled soil moisture value using the 8:00 AM and 9:00 AM CDT observations within the SMAPVEX16-MB time frame.
Voronoi Diagram
A Voronoi diagram approach was used as an upscaling function and was applied to both the RISMA and temporary station networks. Voronoi diagrams have been used to upscale soil moisture data and to estimate the error when comparing with retrievals of satellite soil moisture measurements (Rowlandson et al., 2015) and are the default upscaling approach used by SMAP (Colliander et al., 2017b) . Voronoi diagrams are used to identify the area most associated with the underlying RISMA station. An area-based weighting function is then applied to the volumetric soil moisture value measured by the collocated RISMA station. Input parameters used to generate the Voronoi diagrams include the bounding area of the SMAP L2 SM P E pixel as well as the geographic location of the seven RISMA stations.
In this upscaling approach, each location of the RISMA or temporary in situ stations is defined by a subregion where the subdivisions are bounded by Voronoi diagrams (Fig. 2) . This is also a weighted approach whereby the weight (w) for a subregion i is determined as
where A is the total CVS area, and a is the subregion area. This process yields area weighted soil moisture values using the 8:00 and 9:00 AM CDT observations for both in situ networks.
Soil-Weighted Voronoi Diagram
The soil-weighted Voronoi diagram upscaling uses the intersection of the generalized surface soil textural information (Fig. 1) and the Voronoi diagrams created from both temporary and RISMA stations (Fig. 2) . The SMAPVEX16-MB site is divided into two surface texture classes: clay/fine loams (65% of area) and coarse loam/sands (35% of area). The contribution of each in situ station to the upscaled moisture for the CVS was weighted by the area fraction now defined by the intersection of the Thiessen and soils map polygons (Fig. 3) .
Land Surface Model
A land surface model (LSM) was investigated as the fifth upscaling method. Land surface models address field-scale heterogeneity and should provide better representation of soil moisture over space and time. The uncoupled stand-alone unified NOAH (National Centers for Environmental Prediction, Oregon State University, Air Force, and Hydrologic Research Laboratory) Version 2.7.1 was used in this upscaling exercise.
The NOAH 2.7.1 model is an improved and unified version of the Oregon State University land surface scheme. The major improvements of the model are listed in a series of three papers (Mahrt and Ek, 1984; Mahrt and Pan, 1984; Pan and Mahrt, 1987) . The present version of the model can be set up with 2 to 20 soil layers. The rooting depth of the model is set at 100 cm, which includes the first three soil layers. The ice content in the model is predicted as a function of soil temperature, soil moisture content, and soil type. Furthermore, the snowpack physics are improved, with snow density predicted as a function of time and snow temperature. The model requires initial conditions as well as near-surface atmospheric forcing as input.
Computation of longwave radiation is calculated using the formulation of Idso and Jackson (1969) . Soil texture type and a slope map are used in the model as described in Zobler (1986) . The vegetation type (SiB-1) parameter was set as stated by Dorman and Sellers (1989) . This model has been validated by different researchers as uncoupled (Robock, 2003; Schlosser et al., 2000; Wood et al., 1998) and as coupled (Ek, 2003) . This model has been widely used along with weather and climate models due to its simplicity and low computational demand. 
Soil Layers
Input and Parameters
The basic near-surface input for the NOAH model is given in Table 3 . These input datasets are taken from meteorological data that were collected by RISMA stations in 2015 and 2016. Because there are no barometric pressure measurements at the RISMA stations, pressure measurements from Environment and Climate Change Canada's Winnipeg A CS station (no. 502S001, WMO Identifier 71849) were used, and an elevation correction was applied.
Albedo
Five-year average monthly snow-free albedo values were extracted from the Global NOAA dataset (https://daac.ornl.gov/ ISLSCP_II/guides/noaa_albedo_5year-av_xdeg.html). Albedo values are a required parameter for the energy balance equations.
Normalized Difference Vegetation Index
The normalized difference vegetation index (NDVI) data were collected from the Moderate Resolution Imaging Spectroradiometer aboard NASA's Terra satellite. Monthly values were downloaded from neo.sci.gsfc.nasa.gov/view.php?datasetId=MOD_NDVI_M.
Greenness from the Normalized Difference Vegetation Index
The greenness factor is a required variable for calculation of surface energy balance equations. The green vegetation fraction ( f g ) can be derived from the NDVI using a simple linear relationship ranging from 0 (bare earth conditions) to 1 (dense vegetation or high leaf area index) (Gutman and Ignatov, 1998) :
where NDVI min and NDVI max are minimum and maximum values over the grid cell of the study area. This conversion to f g Fig. 2 . The results of applying the Voronoi diagram approach to the temporary stations (left; open circles) and RISMA (right; solid dots). The outline defines the limit of the 33-km core validation site pixel.
p. 9 of 14 is a rescaling of NDVI for the NOAH model requirement and is restricted between 0 and 1. The NOAH model generates one-dimensional point estimates of soil moisture using the variables described in Table 3 . The model generates soil moisture values at predefined depths of 5, 20, 50, and 100 cm every 30 min. To test the initial results of NOAH, the model was run using 2015 data from two RISMA stations: MB1 (sand surface texture) and MB5 (clay surface texture). Both sites had a complete data record for 2015 with no power failures or sensor issues. Soil moisture from the 5-cm horizontal probes at MB1 and MB5 were used to validate the accuracy of modelgenerated soil moisture for the same depth.
Once the NOAH parameterization was completed and validation was performed using RISMA data from 2015, the LSM was reinitialized and run using 2016 data over the entire L2 SM P E CVS pixel. Climatic data for 2016 were provided from meteorological instrumentations on seven of the nine RISMA stations. Stations MB4 and MB9 were excluded due to power and instrument issues. A Synagraphic Mapping System (SYMAP) interpolation process (Shepard, 1984) was used to interpolate the climate values to a 1-km grid for the entire 33-km CVS. The NOAH model was then run for each of the grid cells, generating a soil moisture value for each cell at 30-min intervals. Prior to upscaling, a validation check was completed using 2016 data from three RISMA stations (MB1, MB3, and MB8).
Comparing Upscaled In Situ Soil Moisture Values with SMAP Retrievals
The four methods (soil-weighted, arithmetic average, Voronoi diagram, soil-weighted Voronoi diagram) were used to upscale in situ soil moisture measured by the permanent RISMA and temporary stations (0-6 cm) for the Carman L2 SM P E CVS pixel. Upscaling was performed for all SMAP descending overpasses for June and July 2016. The intent was to compare SMAP soil moisture with in situ soil moisture measured by the two different networks upscaled using four different methods. Fig. 3 . The result of applying the Voronoi diagram soil-weighted method to the temporary stations (left; red circles on clay soils and green circles on sands) and RISMA (right; red triangles on clay soils and green triangles on sands). The outline defines the limit of the 33-km core validation site pixel.
A fifth comparison to SMAP soil moisture was performed using the 1-km NOAH gridded estimates (5 cm). The period of comparison covered the six campaign days for IOP1 and the 6 d for IOP2 in 2016. The local time of the SMAP morning overpass lies between 8:00 and 9:00 AM. As such, the comparison used upscaled in situ or NOAH-modeled soil moisture values averaged for this 1-h period.
Results and Discussion
Assessment of Temporary Station Data
The initial analysis in this study was a comparison between soil moisture measured by field crews (16 sites with 3 replicates per site, per field) and moisture measured by the 45 temporary in situ stations installed at Site 1 in each field. The purpose of this comparison was to gain confidence in the representativeness of these temporary in situ stations given that these measurements were spatially limited (45 single points) yet more temporarily dense relative to those collected by field crews. Confidence in these temporary station data is required if these data are to be used in further evaluation of upscaling methods and comparisons with SMAP retrievals.
This assessment yielded a strong statistical correlation between these two measurements (Fig. 4) , with a calculated R value of 0.807. Some scatter is present, reflected in the error statistics with an RMSE of 0.054 and a mean absolute error of 0.043. The SMAPVEX16-MB fields were selected to contain uniform surface soil textures, and sampling sites were positioned to avoid depressions/field drains and other non-representable locations. Nevertheless, there can still be significant differences in surface soil moisture values across fields given the natural spatial homogeneity of soils and landscapes. Microtopography caused by tillage/ seeding will also influence soil moisture values, with drier values at the top of furrows and wetter values at the bottom as described for this region in Manns et al. (2014) . The POGO measurements by field crews reflected the impact of these effects. For clay-fine loamy soils, average within-field variations in soil moisture were determined to be 0.031 m 3 m −3 . Variations for better-drained sand-coarse loamy soils were higher at 0.049 m 3 m −3 .
Considering the spatial variance of soils across the SMAPVEX16-MB fields and the slight temporal offset of crew and in situ measures, the correlation and error statistics between the POGO and temporary stations were considered reasonable. This good agreement lent confidence to subsequent analysis, comparing among the four upscaling methods as well as between the upscaled moisture and SMAP soil moisture retrievals.
Parameterization of NOAH and Validation of NOAH Soil Moisture Estimates
The NOAH model creates hydrological state variables at 30-min time steps, including actual and potential evaporation, soil moisture, snow depth, snow melt, and runoff. Similarly, the model produces energy-related outputs at every time step, including skin temperature, soil temperature at different depths, and all surface energy fluxes.
The average date of last spring frost in the study area is the second to third week of May, and the first fall frost is usually observed in the third to fourth week of September (Ash, 1991; Nadler, 2007) . The last spring and first fall frosts are typically lighter (just below 0°C) and can result in plant injury or death but do not typically result in the freezing of the soil. For the purposes of this study, the frost-free dates for the model are considered to occur between 1 May and 31 October.
In this initial analysis of the performance of the NOAH land surface model, soil moisture modeled at 5 cm was compared with surface (5 cm) moisture measured by two RISMA stations (MB1 and MB5) for the 2015 growing season. This comparison uses soil moisture values generated at 30-min intervals from the NOAH model and compares them with corresponding RISMA station measurements. Stations MB1 and MB5 were selected to be Fig. 4 . Comparison of volumetric soil moisture (VSM) measured by field crews using hand-held Poke and Go (POGO) and soil moisture measured by 45 temporary stations. The POGO measurements collected at all 16 sample sites are averaged to provide one soil moisture value per field. Moisture measured at 8:00 and 9:00 AM is averaged for the temporary stations. representative of the soil texture and vegetation within the CVS; MB1 has a coarse loamy surface soil texture, and MB5 has a clay surface texture. Both sites are situated on annually cropped fields. Priority was also given to stations that contained continuous data recorded for the time period under investigation. Figure 5 presents a temporal plot associated with the one-dimensional modeled 5-cm soil moisture time series. The comparisons were made during the May-October time frame when the soil is not frozen and in situ measurements can be used for validation. Table 4 shows the validation statistics for the NOAH modeled soil moisture values compared to the RISMA measurements. Overall, the model does a very good job in coarser-textured soils with an RMSE value of 0.028 m 3 m −3 at MB1. Results for the clay soil at MB5 show a higher RMSE value of 0.065 m 3 m −3 . Studies by Ojo (2017) using the Versatile Soil Moisture Budget model yielded similar results when comparing modeled with observed surface soil moisture values. The difference in error is the result of finer textured clay soils having a larger capacity to store water than the coarser-textured sands and the dynamic shrink-swell properties of the clay minerals, which cause the volume of a given mass of soil to change with moisture content.
After the initial testing of the one-dimensional NOAHmodeled data, the model was run as two-dimensional for each 1-km grid cell within the SMAP L2 SM P E pixel using 2016 meteorological data from seven RISMA stations. Soil moisture values from the grid cells were validated to the corresponding RISMA stations (MB1, MB3, and MB8). 
Comparison among Four Upscaling Methods
The current approach to validate the SMAP L2 SM P E product for the Carman CVS pixel is to use RISMA in situ Table 6 demonstrate strong correlations between upscaled soil moisture using RISMA and the temporary station data. This conclusion holds true regardless of the method of upscaling, with R values ranging from 0.780 to 0.814. Voronoi diagrams did produce slightly lower errors, with lower percent bias (percent bias is a measurement of the propensity for the predicted values to be higher or lower than the observed). For three of the four methods, RISMA demonstrated a wet bias. Similarities among upscaling approaches are partially explained by the fact that the SMAPVEX16-MB fields were selected to be proportional to the occurrence of sand-coarse loamy surface textured soils (35%) and clay-fine loamy surface textured soils (65%) within the study area. When the permanent stations were installed in 2011, the locations of the RISMA stations were similarly stratified according to the surface textures predominant in this region. As such, these results reflect the fact that both permanent and temporary in situ stations are already weighted by soil texture and are representative of the spatial variances in moisture in both the watershed and the SMAP CVS pixel.
SMAP Soil Moisture Estimates Compared with Upscaled In Situ Measurements and NOAH Modeled Soil Moisture
Given the similarities in results produced in the comparison among the four upscaling methods, no significant improvements to error statistics would be expected when each is used to validate the SMAP L2 SM P E product. Table 7 confirms this expectation. Here all upscaling measures are closely aligned. Scaled soil moisture for the Carman pixel has a relatively small range, never falling under 0.25 or exceeding 0.4 m 3 m −3 . This limited range is explained by the diversity of soil textures within this CVS. The dominance of heavy clays with relatively high wilting points ensures that, on average, moisture in this pixel never drops below this lower threshold. Loamy soils (35% by area) dampen the upper soil moisture range. Figure 6 illustrates the daily averages of in situ measured soil moisture from both permanent and temporary stations. Also included are the RISMA measurements (0-6 cm averaged for 8:00 and 9:00 AM data) upscaled using the soil-weighted approach and the SMAP (descending) soil moisture estimates for the 33-km enhanced product. Average of the NOAH 1-km gridded soil moisture for the SMAP overpasses is indicated. The NOAH upscaled averages are in good agreement with the in situ network upscaled values (Fig. 6) .
The correlation between RISMA scaled by the soil-weighted method (current approach) and SMAP retrieved moisture is strong (R = 0.751), although the error (RMSE of 0.072 m 3 m −3 ) is high. Significant precipitation events (early and late June) result in substantial overestimation of soil moisture by SMAP, with unrealistic rapid dry downs after these rain events (as shown in Shellito et al. [2016] ).
Conclusions
The 2016 SMAP Validation Experiment in Manitoba (Canada) (SMAPVEX16-MB) provided an opportunity to collect soil moisture, vegetation, airborne, and satellite data over an agricultural landscape characterized by a wide diversity of annual crops and soil types. Permanent in situ soil moisture stations are located at this site and contribute to an international network of Table 6 . Statistical comparison between 8:00 and 9:00 AM CDT upscaled in situ soil moisture from RISMA and temporal in situ networks using four different approaches (1 June-26 July 2016) During SMAPVEX16-MB, soil moisture was measured using three sources: the permanent network, temporary stations installed for the purpose of the experiment, and field crews. Analysis presented here confirmed good agreement when comparing handheld soil moisture data collected from each field throughout the course of the campaign with temporary station data, indicating the location of the temporary stations were well representative of overall field soil moisture.
An upscaling method is needed to validate SMAP products against in situ point measures. Comparison of four upscaled soil moisture processes (soil texture-weighted, arithmetic average, area average using Voronoi diagram, and soil texture-weighted Voronoi diagram) revealed no significant differences between the smallernumber (seven stations) permanent network with the larger-number (45 stations) temporary network. This confirmed that the permanent network is well calibrated and adequately represents the soil moisture condition within the Manitoba SMAP CVS pixel.
The NOAH land surface model was used to calculate surface soil moisture for the study region. The model performed well in estimating surface soil moisture in comparison to permanent in situ measurements (2015 growing season). Interpolation of meteorological data was then used to generate NOAH soil moisture values on a 1-km grid across the Manitoba SMAP CVS pixel for the period of the 2016 SMAPVEX16-MB campaign. Comparison of gridded soil moisture values to three permanent stations yielded good results.
Next, SMAP soil moisture values were compared with NOAH estimates and with measured soil moisture from the four upscaling approaches tested in this analysis. The RMSEs between SMAP estimates and the four upscaled measured soil moisture were similar (0.072-0.074 m 3 m −3 ). When compared with SMAP, RMSE values from the NOAH model were 0.076 m 3 m −3 . This indicates there is no advantage in using a land surface model approach for upscaling over an arithmetic average, Voronoi diagram, or soil-weighted method. The SMAP team will continue to investigate other factors that may be contributing to higher errors over annually cropped sites. Fig. 6 . Time series of the soil moisture measured by the RISMA permanent stations upscaled using the soil-weighted approach (´ symbol) and compared against soil moisture from the SMAP 33-km core validation site pixel (open diamonds). The soil-weighted upscaling is the current method adopted by the SMAP team. Also provided is soil moisture estimated by the 1-km NOAH grid (closed triangles). Daily soil-weighted averaged RISMA and temporary station measurements are graphed as solid and dotted lines. Precipitation events are also documented.
